Electro Mechanical Reshaping (EMR) with platinum needle electrodes has been recently developed to shape cartilage without conventional cut and suture surgery. This study investigates the relationship between the voltage applied, the electrical current measured during EMR, and the resulting shape. Monitoring the electrical current provides information to model the electro-chemistry, which will aid in determining the onset of shape stabilization. Porcine costal grafts, rabbit auricular, and porcine auricular tissue were bent into a 90˚ angle using a moulage. Platinum needle electrodes were then placed in contact with the cartilage and a constant voltage was applied for a set time. The electrical current was measured during the process and total charge transferred was calculated. The cartilage specimen was then removed from the jig and photographed after one minute in order to determine the resulting bend angle. Results show that a higher current in tissue is produced with increasing applied voltage. Each current trace is unique and is dependent on tissue thickness and inter-electrode distances. Understanding the electrical current process ultimately leads to optimizing EMR and feedback control. Voltage, for example, could be varied in real-time during EMR to produce a constant chemical reaction rate and potentially reduce total tissue dehydration in contact with electrodes. In conclusion, electric current traces provide information about chemical kinetics during EMR that depend on exposure settings, and monitoring these traces is an important step in optimizing the reshaping process.
INTRODUCTION
Cartilage provides a framework for the aesthetic and functional structures of the face such as the nose and ears. It is a porous matrix composed of collagen, proteoglycans, and elastin hydrated in an aqueous medium of electrolytes. The elastic behavior of cartilage can be largely explained by the numerous negative charges of the proteoglycans shielded by water molecules. When cartilage is deformed, water is displaced at the point of mechanical stress, resulting in an electrostatic repulsive force between negatively charge proteoglycans. Consequently, this matrix of highly localized negative charge resists deformation and provides for the restoration force once the load is removed. Traditionally, surgeons use sutures to resist these negatively charged intrinsic elastic properties of the tissue or use other techniques such as cutting and morselizing. However, these complex surgical techniques are invasive, and are largely subject to the surgeon's experience and resources. There is a clinical relevance in developing cartilage reshaping technologies to be used in allografts or in situ that can effectively provide better outcomes compared to open surgery.
Reshaping technologies within the literature and medical field have been developed to exploit the inherent properties of cartilage tissue in lieu of scalpels and sutures. Thermoforming involves internal mechanical stress relaxation of deformed cartilage with the use of laser radiation or radiofrequency heat sources 1, 3 . One major drawback in this technique is the substantial heat production at the treatment site, which can be detrimental to cartilage and surrounding tissues.
Our lab has developed a non-thermal method of cartilage reshaping that combines mechanical deformation with the application of DC electric fields 1, 6 producing a similar effect to thermal stress relaxation. However, our initial studies incorporated surface electrodes, which are not easily amenable to a minimally invasive technology. To this end, needle shaped electrodes were implemented into EMR experiments using rabbit nasal septa 4, 7 .
This study investigates the electrical current measured during needle electrode EMR in porcine costal cartilage, rabbit ear, and porcine ear in order to analyze the electrical properties of different cartilage tissue in relation its shape change. Needle electrodes have a smaller surface area in contact with tissue and will therefore create electric fields and current density that are different in comparison with surface electrode EMR 5 . Thus, monitoring the electrical current during the reshaping process can provide important feedback information to identify an optimal reshaping time at a specified voltage and electrode geometry.
EXPERIMENTAL METHOD

Specimen Preparation
Porcine Rib
Fresh porcine costal cartilage from the 2 nd to 6 th ribs were obtained from a local abattoir, and the surrounding tissue was excised. The cartilage was sectioned from the central core of the rib using a cutting device with two parallel blades spaced at 700 microns to obtain specimen thicknesses similar to previous rabbit septal studies 4 . The specimens were then cut to a length of 24mm and a width of 8mm. The thickness of the specimen was noted to be the average of 8 measured locations on the tissue: at the midpoint of each shorter side (width) and on 3 evenly spaced points along each longer side (length).
Rabbit and Pig Ears
Freshly euthanized rabbit and pig ears were excised intact from the base of the boney external canal to the tip. The specimens were cleaned with water to remove bacteria, dirt and debris. Hair was not removed.
Electromechanical Reshaping Procedure
A schematic of the cartilage reshaping jig along with the measurement connections is illustrated in Figure 1A . Porcine rib specimens were deformed to a symmetrical 90° bend. Solid platinum needles (F-E2M-48, Grass Technologies, West Warwick, RI) were inserted into the specimen and wired to either the positive or negative terminal of a DC power supply. Electrodes were designated with 3 anodes and 3 cathodes flanking the apex of the bend ( Figure 1B) . A finite element computer simulation of this electrode geometry was created to visualize the spatial distribution of electrical current density between electrodes (Comsol, Palo Alto, CA). Custom software written in Labview (National Instruments Corporation, Austin, TX) was used to set the voltage and time parameters of the power supply (E3646A, Agilent Technologies, Inc, Palo Alto, CA). Reshaping voltage parameters were investigated with 1V increments from 3V to 7 V. Specimens undergoing EMR with 3V were modified for two minutes, with voltages between 4V-6V were modified for one minute or two minutes, and with 7V were modified for one minute. Electrical current was recorded during EMR and the total charge transferred was calculated. Needles were taken out and the specimen was left in the jig for a minute and then rehydrated in 1x phosphate buffered solution (pH ~7.4) for 15 minutes. The rehydrated specimen was taken out of the jig and photographed after 1 minute. The bend angle was measured using the protractor function in Photoshop (Adobe, San Jose, CA). 
EMR of Rabbit Ear
Rabbit and pig ears were measured from base to tip and were deformed at the upper third of the ear. The ears were modified at 1cm segments with a jig shown in Figure 2A . The electrodes were configured as illustrated in Figure 2B with the two anodes flanking each side of the bend, which also served to hold both pieces of the two-piece foam mandrel with enough compressive force to the deform ear. A finite element computer simulation of this electrode geometry was created to visualize the spatial distribution of electrical current density between electrodes. Each region was modified with 5V applied for 2 minutes and the process repeated sequentially along the width of the ear until the jig reached the other end. Electrical current was recorded during EMR at each distinct region and the total charge transferred was calculated after. The resulting bend angle was photographed and bend angle was measured as mentioned above. 
EMR of Porcine Ear
Porcine ears were measured from the base to the tip and were deformed at the upper third of the ear. The two-piece foam mandrel used to reshape rabbit ear did not provide enough compressive force to deform porcine ear so a standard lab clamp shown in Figure 3A was used to provide the required force to deform the tissue. Since a lab clamp was used, ears were bent beyond the typical 90º bend used in porcine costal and rabbit ear tissue studies mentioned above. A total of eight electrodes were used to modify 1 cm segments at a time along the dotted white line where maximum mechanical stress occurs as indicated in Figure 3A . The electrodes were arranged in two rows of four electrodes with polarities alternating between positive (+) and negative (-) along each row. The rows of electrodes were placed on each side of the bend. Two discrete voltages were explored, 5V and 6V with an application time of 5 minutes. A finite element computer simulation of this particular electrode geometry was created to visualize the spatial distribution of electrical current density between electrodes. Photographs were taken 5 minutes after the regions under mechanical stress were fully modified, and the resulting images were later analyzed to obtain the bend angle. 
EXPERIMENTAL RESULTS
Porcine costal cartilage specimens were sectioned to an average thickness of 0.65mm. These specimens were reshaped up to 43°. Specifically, EMR produced significant bend angles of 39°±6° at 5V, 120s. With increasing voltage, the bend angles reached a plateau at 40°. Figure 4A shows the voltage dependent bending of porcine rib tissue after voltage was applied for 60s or 120s. Bend angles increased in the voltage range from 4V-7V applied for 60s and from 3-6V applied for 120s. A larger bending was noted with 120s reshaping time than with 60s at 4V and 5V ( Figure 4B ). A voltage of 6V, however, showed no statistical difference between 60s and 120s of EMR time. One-way ANOVA analysis for specimens modified for 120s show statistical differences among voltage groups and control (0V). Specimens modified for 60s also show statistical significances between voltage groups. The control group, which was under static deformation with no applied voltage showed some residual bending one minute after the specimens, were taken out of the jig ( Figure 4C ). EMR of porcine rib cartilage produced distinctive current traces between 3-7V and a slight increase in temperature (<1°C) was observed at 7V. Figure 5 shows the electrical current traces of costal cartilage tissue measured during EMR as a function of input voltage. All applied voltages produced a rapid decline in electrical current during the initial 3-5 seconds, which correspond to the onset of water hydrolysis 5, 6 . After this initial decline in current, the current remained fairly constant between 3-5V. At 6V the current rises steadily then declines after 30s into the reshaping process. At 7V a faster rise and fall was measured with a higher overall electrical current throughout the modification process. One-way ANOVA of the electrical charge transferred showed significant group differences (p<0.05) for voltages between 3-6V applied for 120s and between 4-7V applied for 60s. The difference between initial and final tissue resistance is greater with lower voltage application. Figure 6 illustrates the change in the intial and final resistance as a function of applied voltage. Of note, the intial tissue resistance decreases steadily with increasing applied voltage. The final resistance measured between voltage groups showed greater variance at 3V, 120s and at 4V,60s. The electrical current traces produced in reshaped rabbit ears were unique to the location being treated. Typical current traces of different regions of rabbit ear are shown in Figure 7A that correspond to the locations indicated in Figure 7B . After EMR, the skin surrounding the electrodes were slightly darker than native skin. Furthermore, reshaped rabbit ear behaves differently than native tissue and can be bent more easily at locations were EMR was performed. All intact porcine ears were reshaped close to 90° bend angles using either 5V or 6V applied voltage for 5 minutes. Figure 8 shows electrical current measured during the reshaping process and the resultant shape change after 10 minutes. The onset of water hydrolysis corresponding to a rapid initial decrease in current is also noted in porcine ear. At 5V the current stabilizes and stays nearly constant through the remainder of the reshaping time. At 6V the electrical current stays nearly constant between 15s-60s before decreasing at a faster rate. No evolution of heat was measured at the surfaces of tissue being modified. 
DISCUSSION
Conventional surgery to correct for the cartilaginous frameworks of the head and neck is complex and requires years of surgical experience. The costs and risks of surgery are major drawbacks for the patient. EMR circumvents the problem of open surgery by using platinum needle electrodes to reshape cartilage tissue in a minimally invasive manner. This is performed without the use of heat which can cause severe damage to surrounding tissue. A major application of this technology is the correction of the missing antihelical fold in prominent ears. Needles are simply placed in regions under mechanical stress of the ear to reshape cartilage in situ. Once optimized, EMR can be used to create auricular folds in a office setting providing a simple alternative to conventional cut and suture surgery.
EMR also has clinical potential to reshape costal cartilage grafts used in facial reconstructive surgery. Autogenous rib cartilage have been typically used to repair congenital malformations of the ear or to enhance the aesthetics of the nose. EMR can help with this task by providing a simple method to aid in reshaping these grafts before placing it back in body.
The main objective of this study was to monitor and analyze the electrical current during EMR in different tissue types: porcine costal cartilage, rabbit auricular tissue, and porcine auricular tissue. These tissues exhibit the same characteristic exponential decrease in electrical current during the first couple seconds of EMR at any voltage. This steep initial decline in current indicates that water is rapidly consumed to produce hydroxyl and hydrogen ions at the electrodeelectrolyte interface. The movement of these ions between electrodes during EMR may redistribute the negative charges in the extracellular matrix to induce a permanent shape change. Higher voltages provide greater energy to increase the flux of ions and intensity of redox reactions at the electrode-electrolyte interface contributing to greater shape change. However, there is a voltage threshold where substantial heat (< 1°C) is produced as observed in costal cartilage during EMR with 7V, 60s ( Figure 4A ). After the onset of water hydrolysis, the electrical current remains fairly constant throughout the application time and shows no indications that identify an endpoint to the procedure. Future research will focus on the effects of EMR on cell viability to aid in determining an optimal reshaping time for a specific electrode geometry and voltage.
EMR demonstrated a different effect on rabbit ear tissue than porcine ear tissue, albeit the tissues produced similar electrical current tracing shape at 5V ( Figure 7A, 8A) . Porcine ear tissue, however, demonstrated traces with a higher amplitude of electrical current than rabbit ear tissue. This can be due to the thick tissue of porcine ear compared to the EMR of thinner rabbit ear tissue at the same applied voltage. Thicker tissues undergoing EMR generally have a greater contact surface area for modification and allow for a higher amplitude in electrical current. Porcine auricular tissue were required to be deformed beyond the 90º angle to achieve the desired right angle bend whereas a custom jig not extending beyond 90º was sufficient to reshape rabbit ear. EMR to reshape auricular tissue will need to also consider the tissue thickness and the amount of over bending required for optimal results.
Analysis of the electrical current provides a means to optimize EMR via feedback control. Electrical current can be monitored to identify the occurrence of resistive heating. For example, a typical current trace of 7V for 60s ( Figure 5 ) in costal tissue shows a second sharp decrease in current that corresponds to an increase in resistance, resulting in undesired heat production. The EMR process can be uniquely optimized by creating software to control the voltage in real time. A simple function would enable users to terminate voltage application when the tissue becomes either highly resistive or when the current decreases at a certain rate. This type of real-time monitoring of electrical current can provide instant responses before there is any substantial heat production made to damage surrounding cells and tissue. Current could also be monitored to vary voltage in real-time during EMR to produce a constant chemical reaction rate and potentially reduce total tissue dehydration in contact with electrodes.
CONCLUSION
Electric current traces provide information about chemical kinetics during EMR that depend on exposure settings. Monitoring these traces is an important step in optimizing the reshaping process. In costal tissue, bend angles approach the desired bend angle of 90° with increasing voltage and application time. EMR of rabbit ear leads to stress relaxation in the areas of modification. Thicker tissues such as porcine ear require bending beyond the desired right angle to produce a permanent shape change of 90°. An in vivo experiment to study the long term healing response of tissue that has been reshaped using EMR can assist in selecting appropriate exposure settings. Three dimensional modeling that describes the electro-chemical processes of a specific electrode geometry and voltage along with current traces obtained from experiments can help define an endpoint to EMR.
